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With the possession of extremely broad unique properties, particulate reinforced
aluminum composites are very attractive in diverse applications. Aluminum matrix
particulate composites are challenging to work with. A single pressing and sintering
process was used to fabricate the reinforced aluminum composites in this study. The key
advantage of this method is its comparative low expense. However, abrasive
reinforcement powders can lead to shorter tool life. To study the fundamental wear
mechanisms during the die compaction process, a new method was developed and
combined with experiments to quantify tool wear. Automatic die compaction experiments
and tribological experiments are employed in this study. The tribologcial experiments
consist of a modified pin-on-flat test and a modified loop test. Mass loss of tools was
recorded during all the experiments. A new tool wear model was used in this study to
investigate effect of different hard phase and different lubricant level on die compaction
process.
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CHAPTER I
INTRODUCTION

Aluminum matrix composites (hereinafter AMC) are materials consisting of a matrix
of an aluminum alloy combined with a ceramic (oxides, carbides) or metallic (lead,
tungsten, molybdenum) dispersed phase. Matrices of AMC are usually based on
aluminum-silicon (Al-Si) alloys and on the alloys of 2xxx and 6xxx series. Particulate
composites, long-fiber reinforced composites, and short-fiber reinforced composites are
the most common used reinforcement phases [1]. Usually, AMC are manufactured by
powder metallurgy techniques, including isostatic compaction, and sintering, or liquid
metal infiltration of a porous ceramic preform [2].
The outstanding typical property combination of AMCs determines their various
applications in industry. The most attractive properties include high strength at
moderately elevated temperatures, high stiffness, low density, high thermal conductivity,
low coefficient of thermal expansion, as well as excellent wear resistance. Aluminum
matrix composites are used for automotive components (pistons, pushrods, brake
components), brake rotors for high speed trains, bicycles, golf clubs, electronic substrates,
and cores for high voltage electrical cables [1, 3].
Comparing to casting, die compaction is an alternative method to fabricate
aluminum matrix composites with a low unit cost. However, the severe wear caused by
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higher percentages of hardening phase is a primary problem to be overcome. To prolong
tooling life, and improve the die compaction process, a top priority is to examine the
fundamental mechanisms of wear, and quantify the tool wear in die compaction of AMC
powders to enable new practical solutions in industry [4].
Numerous factors affect the wear rate in die compaction of AMC powders. The
punches and dies are in contact with each other, as well as the metal and hard particles, so
the normal force, velocity, distance, and lubrication, and in combination with the large
production quantities leads to tool wear. It is difficult to quantify tool surface quality in a
production environment, largely because the equipment must be diverted from production
to perform tests. The goal of this research was to develop a way to measure and quantify
tool wear in die compaction of AMC powders, and then setup and improve the die
compaction-sintering process for the fabrication of AMC materials [5-8].
A combination of experimental and computational method was utilized to study the
wear mechanisms in die compaction of AMC powders. The experimental part included
monitoring of tool mass loss combined with a newly developed non-destructive
replication system for measuring wear in a manufacturing environment, followed by a
comparison with off-line tribological experiments, which consists of a modified
pin-on-flat test and a modified loop test. Finally the data were integrated using mechanics
and wear law models to determine the material property dependent constant.
Two kinds of aluminum matrix composites were used in this study, reinforced by
silicon carbide and alumina particles, respectively. Using hardened particles as
strengtheners avoids the drawbacks of using fibers, such as complicated processing, high

2

cost, and fiber damage. A particulate-based AMC also provides broad composition
flexibility.
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CHAPTER II
THEORETICAL BACKGROUND

2.1 Mechanical Compaction

2.1.1 Principles
Die compaction is the most common means for shaping and densifying a powder.
During die compaction, pressure is applied through the upper and lower punches to press
the powder into the desired shape. The die compaction cycle consists of four steps, fill
position, pressing position, compaction, and ejection, as shown in Figure 1.

Figure 2.1
Die compaction process from start to finish using a double action pressing motion
[9]
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Compaction cycles are categorized as single, double, and multiple action. Single
action compaction was used in this study, while the process shown in Fig 2.1 is double
action compaction Movement of only the upper punch is termed single action compaction;
relative motion of either both top and bottom punches with respect to a stationary or
floating die is termed double action compaction; utilization of several tool members to
support each level of a component is termed multiple action compaction.

2.1.2 Cap Yield Model
Understanding of the yield behavior is very important for study of compressibility of
the powders. Shima-Oyane model has been the most successful model for metal powders
[10]. Based on this model, PMsolver (Cetatech, Inc., Sacheon, Korea) was used to
determine a curve fit for experimental data of green density versus compaction pressure.
That model relies on a generalized form of the yield criterion for compaction as,

q

2



 m 

 1  D  


p

2

  D m
m 

(2-1)

where D is the relative density, q is the effective stress, p is the hydrostatic pressure,

m

is

the flow stress of the fully dense material, and , , and m are material parameters.
Parameters

, , and m are determined by fitting yield stress data from uniaxial

cylindrical compression tests over a range of relative densities. The flow stress,

m,

of the

fully dense material includes work hardening via a simple power-law strain relation
defined as follows:

m

a b mn

(2-2)
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where a, b, and n are material parameters and

m

is the effective strain of the fully dense

material [11].

Figure 2.2 shows a typical cap yield model in stress space.

Figure 2.2
Cap yield model

2.1.3 Material Property of Porous Structure
Porous structure usually has quite different material property from the full dense
state. Poisson’s ratio is very useful material property in many materials’ mechanic models.
As far as Poisson’s ratio is concerned for the aluminum matrix composite materials,
assumption of isotropic properties could be reasonable. Since, the particulate constituents
could be assumed to have isotropic properties; the resulting particulate composite will
also have isotropic properties. Therefore, poison’s ratio for dense aluminum matrix
composite materials could be given as [47]:
6

v0

E pc  2G pc

(2-3)

2G pc

where Young’s modulus of the particulate composite Epc is given by
E pc

Vf
1Vf

G pc

0.33

Vf
1Vf

0.67

E
(1  b )
Ep

0.67

0.33

Eb

Bb

G
(1  b )
Gp

(1  V f

0.67

)Eb
(2-4)

(1  V f

0.67

)Gb

(2-5)

where E is Young’s modulus, G is shear modulus, and subscripts pc, p, and b represent
particulate composite, particle (hard phase), and binder material (matrix) respectively. Vf
is the volume fraction of the particles.
However, for porous structure, the Poisson’s ratio also is dependent on porosity.
Assuming the pores are spherical, according to the self-consistent theory proposed by
Phani etc. 2005, the effective Poisson’s ratio could be given as [48]:
ve

2v 0 (5v0  7)  (5v 0  3)(v0 1)
2(5v0  7)  (15v0 13)(v0 1)

(2-6)

where is the porosity.

2.2 Sintering
Sintering is a thermal process, in which bonds are formed between metal powder
particles at temperatures below the melting point of the major constituent through atomic
transport events [37]. Improved mechanical properties can be achieved by sintering.
7

Dimensional shrinkage in sintering generally leads to a density increase of the
consolidated body. Traditional sintering process includes solid-state sintering,
liquid-phase sintering, and pressure-assisted sintering. Some of the novel sintering
techniques including supersolidus liquid phase sintering, infiltration sintering, transient
liquid phase sintering and reactive sintering broadly expand the concept and application
of sintering [37].
Sintering of aluminum has been a problem, because aluminum powder is easily
subject to oxidation. Because Al2O3 oxide is a very thermodynamically stable compound,
even very active gaseous reductants cannot reduce it over the temperature range used in
sintering [Euro PM2004 Sintering]. Obviously, the oxide layer will severely prevent
consolidation during sintering at lower temperatures [7, 38-40]. However, most of the
time, aluminum powder can be successfully sintered at a low temperature when the high
temperature resistant aluminum oxide presented. Two assumptions have been reported to
explain this phenomenon. The first one indicates that the brittle oxide layer might rupture
during compaction, and the second one believes that the presence of liquid phase
activated the sintering behavior of aluminum based system [Euro PM2004 Sintering].
Atmosphere plays an important role in the sintering of aluminum matrix composite.
Unfortunately, its influence on the dimensional changes occurring during sintering is still
not completely clear. According to most empirical results and published papers, it is
recommended that nitrogen can be considered as most suitable sintering atmosphere for
Al-SiC MMCs, not only because it ensures the best properties of the products, but also
gives some profit [41-43].
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The common sintering process applied to fabrication of AMC is infiltration sintering,
in which a ceramic preform is formed before infiltration of liquid aluminum. In some
cases infiltrated preform is hot pressed into full dense. Since only few reports were found
about fabrication of high density AMC product by simple press/sinter process, therefore,
the sintering practice in this study was a relative new trial. Well control of sintering
parameters like atmosphere, heating rate, peak temperature, hold time, and cooling rate
are very important for achieving good properties. At the same time, powder selection,
lubricant, compaction pressure will also affect the sintering process [41, 42]

2.3 Tool Wear
Wear is the gradual removal of material from one surface due to exposure to another
material surface. Tool wear describes the gradual failure of tools during regular operation.
In die compaction, tool wear occurs at the contacts of the punches with the die wall, as
well as at the particle contacts with the die wall [12]. Some general effects of tool wear in
the die compaction include increased ejection force, increased compact temperature after
ejection, poor surface finish of the compact, and decreased compact dimension accuracy.
To prolong the tool life expectancy, a reduction of tool wear is one of the primary aspects.
Reduction of tool wear is accomplished by using lubricants, or die surface coatings.
These reduce friction and the temperature during ejection, thus reducing tool wear [13,
14]. Besides, proper selection of die material for the specific powder in the die
compaction will remarkably increase the tool life.

9

2.3.1 Wear Mechanisms in PM
Wear is categorized as two major groups, sliding wear and rolling wear [15]. The
dominant wear type in the die compaction process is sliding wear. In detail, there are
numerous wear mechanisms which determine how wear occurs at the microstructure
level. The basic wear mechanisms include adhesion, abrasion, surface fatigue, erosion,
corrosion and electrical arcing [16]. However, the most common and primary wear
mechanisms in the die compaction process are adhesion and abrasion. Adhesive wear
occurs when chemical bonds form between the materials, so part of one material is torn
off by the other. This form of wear is commonly referred in terms of galling, scuffing, or
smearing and can become obvious gradually as operation time progresses [16]. Abrasive
wear can be observed as two surfaces slide against one another, the harder surface plows
into the other. This form of wear is highly dependent on the hardness difference between
the surfaces in contact; larger hardness difference leads to more wear [15, 16].
In the die compaction process, die wall and punches are subjected to abrasive wear
due to sliding of hard phases in the powder mixtures along the tool members. This leads
to compact geometry variation, and reduction of compact surface quality. Adhesive wear,
which is more harmful, can also occur in die compaction, causing cold weld between the
die and the punches, as well as the powder being compacted. The seizure of the punch
within the die can lead to catastrophic failure of a whole tooling set [17, 18].

2.3.2 Die Wall Friction
Die wall friction is the most fundamental cause of those wear forms mentioned
above. Two obvious effects could be observed due to die wall friction. During the
10

compaction stage, die wall friction leads to inhomogeneous density distribution along the
axial direction. During the ejection stage, high die wall friction might break the compact
or cause galling. Die wall friction can reduced by three major ways, first, by adding
lubricant either to the powder mixture or directly on the die wall [9, 19-20]; second, by
applying a die surface coating with a low friction coefficient [21, 22], wear resistant thin
film; third, using a die with tapered cavity [23].

Die wall friction calculation in this study was based on a simple free body force
equilibrium relationship as shown in Figure 2.3. A small element from the compact serves
as the basis for calculating the pressure distribution [9].

Figure 2.3
The balance of forces during die compaction, where the difference in the applied and
transmitted pressures results from the frictional force at the die wall

As-compacted equilibrium state:

F

0

A(P  PB )
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FN

(2-7)

Normal force applied on the die wall by the compact:
FN

vPdh

(2-8)

FF

vPdh

(2-9)

Friction Force:

Pressure distribution along compaction axis:
P(x)

PA  exp(

4 v x
)
d

where x is the compact height, d is the compact diameter,

(2-10)
is the coefficient of friction

(dimensionless), v is the dimensionless radial pressure ratio to applied pressure (poison
ratio), PA is the applied pressure at the top punch, and P(x) is the pressure at distance x
from top punch.

2.3.3 Tool Wear Model
Wear is a common but very complicated phenomenon so that no universal laws or
fundamental theories have yet emerged [Bahadur 1991]. Since there have been high
demands for equations and models for design purpose, wear modeling is an emerging
problem. Empirical models are based on empirical data, while some so called “word
models” only contain theoretical explanations without mathematical expressions [36].
Archard proposed one of the most commonly used equations for quantifying wear
[29, 30]:
V

kFx
3H

(2-11)

where V is the volume of debris produced, k is Archards’ coefficient, F is the force
normal to the surfaces, x is the total sliding distance, and H is the hardness of the softer
12

surface. Archards’ coefficient, k, is the probability that two asperities coming in contact
will form a fragment during sliding [31].
The goal of this study is to develop a relatively simple wear model applied in the die
compaction process, helping industry designers to predict time to replace tools. Based on
Archard’s law of wear [Archard 1953], we proposed “wear work” Ww by integration of
fictional stress multiplied by velocity with respect to contact area and time, given as
following:

Mw

kHWw

kH ˘˘  N dAvdt

(2-12)

where Mw is the tool wear mass, H is the hardness of tool material, k is the wear constant
dependent on material property,

is the friction coefficient,

N

is the normal stress, v is

the sliding speed, and t is testing time. This model integrated not only empirical constant
parameters and theoretical explanations, but also the mathematical expressions.
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CHAPTER III
EXPERIMENTAL PROCEDURE

3.1 Materials
Powders
The air atomized aluminum alloy powder used in compaction was Ampal alloy
AMB 2712 provided by Ampal, Inc. Silicon carbide powder (SI-301, AEE, Bergenfield,
NJ) and alumina powder (A2-325, ALMATIS, Bauxite, AR) were used as hard phase in
compaction experiment. Acrawax C (Lonza, Inc) was mixed at different wt. %
compositions with the powder mixture to obtain comparison data. Particle size
distributions were measured by Horriba LA-950 Laser Diffraction Particle Size Analyzer
(HORIBA Instruments, Inc., Irvine, CA), as shown in Figure 3.1. Table 3.1 gives some
details of the powders. SEM (Carl Zeiss SMT Inc, Stereoscan 360) images of the powder
particles are given in Figures 3.2.
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Figure 3.1
Particle size distribution, (a) AMB 2712 powder, (b) SiC (SI-301) powder, (c) Al2O3
(A2-325) powder
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(a)

(b)

(b)
Figure 3.2
SEM images of tested powders, (a) Al, (b) SiC, (c) Al2O3
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Table 3.1
Powder information
Powder

Vendor
Composition
D10 ( m)
D50 ( m)
D90 ( m)
Pycnometer density
(g/cm3)

Al alloy
SiC
Al2O3
Acrawax C
(AMB 2712)
(SI-301) (A2-325)
Ampal
AEE
ALMATIS Lonza, Inc
Al–3.8Cu–0.75Si–1.0Mg
SiC
Al2O3
᧩

52.9
77.7
110.9

6.8
9.2
13.6

0.3
1.8
4.5

᧩
45~106

2.71

3.22

3.93

᧩

᧩

Tool Materials
The used tool materials included CPM 10V tool steel (Crucible Materials Corp.,
Oakland, CA) and CPM T15 tool steel (Crucible Materials Corp., Oakland, CA), M4 tool
steel (M4, Crucible Materials Corp., Syracuse, NY), and tungsten carbide BC-14S (Basic
Carbide, Lowber, PA). We measured the harnesses of investigated tool materials using a
diamond indenter and 150 kg load on the Rockwell C scale (LR 100, LECO, Joseph, MI).
The hardness data for powder materials comes from Cambridge Engineering Selector,
Material Universe Data base. The hardness and density of tool materials, and hardness of
powder materials, are listed in the Table 3.2.
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Table 3.2
Hardness of materials
Tool Material

Hardness (HRC) Density (g/cc)

Powder Hardness (HV)

Tungsten Carbide

78.1 (±0.3)

14.06

Al

80

CPM T15
CPM 10V

65.8 (±0.3)
64.4 (±0.3)

8.16
7.36

SiC
Al2O3

2380
1860

Abrasive Tapes
Loop test tapes used in this investigation were 30 m silicon carbide abrasive tape
(462L material, R. S. Hughes Company, Inc. Birmingham, AL) and 30 m alumina
abrasive tape (362L micro finishing film roll, 3M, St. Paul, MN)

3.2 Compaction
The Al-SiC, and Al-Al2O3 powder mixtures with different lubricant levels were
compacted using a Carver Hand Press (Model M, hydraulic unit Model 3925) and an
industrial tablet press (Stokes Model F, 4 Ton Mechanical Press). The hand press was
used to make larger cylindrical compacts for powder compressibility characterization,
while the tablet press was used for the tool wear studies. A verification study of the hand
press showed that pressure measurements were accurate to within + 7 MPa (see Appendix
A) [44].
Powder mixtures of eight different compositions were used in hand press and
automatic compaction experiments, from which hard phase content effect, hard phase
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type effect, as well as the lubricant level effect could be determined. Information about
powder mixtures and experiment design were given in table 3.3.

Table 3.3
Tested powder mixtures & experiment design

Al-SiC

Al-Al2O3

Al-SiC
lub.
variation

wt.% SiC
5
10
15
wt.%
Al2O3
5
10
15
wt.% SiC
10
10
10

Lub. lev.
0.4wt.%
0.4wt.%
0.4wt.%
Lub. lev.

0.4wt.%
0.4wt.%
0.4wt.%
lub. lev.
0.4
0.8
1.2

vol.% SiC
4.25
8.56
12.94
vol.%
Al2O3
3.50
7.12
10.85
vol.% SiC
8.56
8.56
8.56

Number
1
2
3


4
5
6

2
7
8

3.2.1 Die Compaction Behavior
Cylindrical compacts of the Al-SiC and Al-Al2O3 powder mixtures with 0.4 wt.%
lubricant were compacted using the hand press in a floating die, with diameter of 12.75
mm. Die wall lubricant (Zinc Stearate Dry Powder Mold Release, Aervoe Industrial Inc.,
Gardnerville, NV) was applied to minimize the friction effect along the die wall. The
compact weight is controlled to 2.5±0.2 g, the mass variation is due to loss of powder
during the die filling process. Various pressures were used for compaction ranging from
89 to 535 MPa with three compacts for each pressure. The green densities of the
compacts were calculated using mass (Denver Instruments, Model PI-314) and volume
(vernier calipers) measurements. The mass scale was calibrated using multiple
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measurements of a 10 g mass standard, and its accuracy was ±0.0008 g. The vernier
caliper accuracy was ± 0.01 mm [44]
The 90Al-10SiC powder mixture was mixed with 0.4, 0.8 and 1.2 wt. % Acrawax C.
It was then pressed into cylindrical compacts at nine pressures (from 89 to 535 MPa).
The same die wall lubricant, as previously mentioned, was applied to minimize the
friction effect along the die wall. Green densities were measured using the method
previously mentioned to generate with pressure versus density data.
For each specific composition and specific pressure, at least three specimens were
compacted to guarantee the accuracy of density measurement.

3.2.2 Automatic Compaction Experiment
The automatic compaction is used to simulate the industrial production process. To
observe the effect of wear of the Al-SiC and Al-Al2O3 powder mixtures on tooling in an
industrial environment, the tablet press was used with the tungsten carbide BC-14S die,
while top and bottom punch were made from M4 tool steel. Cylindrical compacts with
diameters of 6.35 mm and heights of approximately 4.5 mm were compacted at a rate of
approximately 70 compacts per minute. The bottom punch was adjusted to hold a filling
height of 7.8 mm. The upper punch stroke length was calibrated to achieve green
compact relative densities of 80% theoretical. Figure 3.3 shows a setup for automatic
compaction experiment with tablet press machine. For each of the powder mixture
composition, 30,000 samples were compacted.
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Figure 3.3
Tablet press with tooling

Because the tablet press gives no indication as to the amount of force exerted on the
powder during compaction, the hand press compacts were used to create a plot of green
density versus compaction pressure which gives indication of the pressure required to
create a sample of a given relative density. Since no die wall lubricant was applied during
automatic compaction process, the hand press compaction process is considered as
frictionless compaction, and automatic compaction process is considered as friction
presented compaction. An equation for density gradients determination was used to find
the applied pressure in tablet press according to the pressure found for the frictionless
hand press compaction. The top punch, bottom punch, and die drawings as well as
several redesigned press components are given in Appendix B [44].
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3.3 Sintering Practice
Calibration was performed before the experiments and it showed that the
temperature reading on the furnace was 30°C higher than the actual temperature inside
the retort.
A sintering experiment was conducted to a series cylindrical compact with different
SiC content as reinforcement phase in aluminum matrix. The pressure selected for
compaction of these samples on the hand press is 357 MPa. No admixed lubricant was
added, while the die wall lubricant was applied before die compaction. Sintering was
performed in a tube furnace (Carbolite 1600) in N2 atmosphere, peak temperature is
600 C (actual), holding time is 2 hours, heating rate is 10 C/min, and cooling rate is
20 C/min. In the condition that all the rest parameters are fixed, the only variable is SiC
content in aluminum matrix, we can determine the effect of SiC content on the physical
and mechanical property formed after sintering.

3.4 Physical Properties and Mechanical Testing
Densities were measured for the sintered samples. Hardness tests of the sintered
samples were conducted using a Rockwell Hardness Tester (LEC Model LR-300TD).
HRH scale was used (60 kg, 1/8 inch steel ball indenter), which is suitable for aluminum
hardness test.
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3.5 Microstructure Characterization
Microstructures of sintered samples were characterized under an optical microscope,
(Zeiss Axiovert 200 optical microscope, reaching 2500X), at 5X, 10X, and 20X
magnification respectively.

3.6 Wear Quantification Techniques
Wear quantification in this study was realized by two groups of method. One is by
direct measurement in the manufacturing process and the other is by the design of
tribological experiments.
Direct measurement in the manufacturing process is difficult, largely because the
equipment must be diverted from production [24]. However, direct measurement could be
used to provide the most accurate quantification results for a particular powder in its
actual shaping process. Parameters including compact geometry variation, compact mass
and density distribution, as well as mass and geometry changes of tools were all recorded
during the die compaction process in this study.
Tribological experiments are useful in the study of tool wear, because they could be
designed to determine the independent influence of specific parameter in die compaction.
Commonly used tribological experiment setups for wear include block-on-ring,
pin-on-disk, ring-on-disk, pin-on-flat test and loop test [25-27]. In the current study, a
modified pin-on-flat test and a modified loop test [28] are used to study wear of tool
materials. In these tribological experiments, the test specimens are usually weighed for
mass loss, measured for dimensional change, and observed under particular instruments,
such as a profilometer or scanning electronic microscope (herein and after SEM), for
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surface characterization. Many times it is difficult to relate the data obtained from these
experiments to a process in an actual industrial environment. However, they could
provide important information to enable comparison of different tool materials and
optimization of tool material selection, powder composition modification, and tool set
design.

3.6.1 Wear Measurement in Automatic Compaction
In the automatic compaction experiment, mass loss of tools was used to quantify
occurred tool wear, and the compacts geometry was also recorded during the die
compaction process
Tool mass change was measured by a mass scale ((Denver Instruments, Model
PI-314) with accuracy of ±0.0008 g. Compact diameter change was measured by a
micrometer (Reid Supply Company, 293 Mitutoyo Digimatic Micrometer) with accuracy
of ±0.001 mm. Tool mass measurements were conducted every 10,000 compaction cycles
during each composition experiment listed in Table 3.3. For compact diameter
measurement, eight check points were selected, as shown in Table 3.4.

Table 3.4
Check point for automatic compaction experiments
Check
Point
Total
Cycles
Cycles
Increment

1

2

3

4

5

6

7

8

0

1000 3000 6000 10000 15000 20000 30000

0

1000 2000 3000
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4000

5000

5000

10000

3.6.2 Tribological Experiments
Tribological experiments are designed to obtain specific material properties within
minimized time and cost. In this present study, a modified pin-on-flat test and a
continuous-loop abrasion test are employed to observe the wear occurred on die materials.
The quantification of wear is based on the mass loss measurement, dimensional change
measurement and dimensional change calculation.
a. Modified Pin-on-Flat Test
Apparatus: The pin-on-Flat test is a standard tribological experiment. We modified this
test as shown in Figure 3.4. The normal force on the pin was 25 N, the reciprocating
frequency was 5 Hz, and the stroke length was 10 mm. For each test, the powder mixture
is redistributed every 30 s, after specific intervals, pin weight was measured, each pin tip
was tested for 21 min in total. A reciprocating friction and wear testing machine (Model
TE-77, Phoenix Tribology Ltd., United Kingdom) was used in these experiments. Wear
scar profile of flat specimen was measured using a stylus profiling instrument with a 2
m tip radius (Talysurf 120, Taylor-Hobson, Leichester, UK), and wear surfaces were
examined using a Nikon optical microscope (Nikon Instruments, Melville, NY, USA)

25N

Reciprocating
5Hz

Pin specimen

Powder
mixture

Flat specimen

Figure 3.4
Experiment setup for modified pin-on-flat test
25

Specimens: Pin specimens, which were machined from tool materials listed in Table 3.2,
had a 25.40 mm nose radius, 7.92 mm diameter, and 19.05 mm length as shown in Figure
3.5 (Type D). The tip surface was finished by 600 grit paper. Flat specimens were made
from the same materials as pin specimens, with a diameter of 25.4 mm, and a thickness of
6.35 mm. The surfaces of flat specimens used for testing were surface-ground.
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HI G H- L O A D R E CI P R O C A TI N G PI N- o n- F L A T PI N S P E CI M E N S ( T E- 7 7)

0. 7 8 5 + 0. 0 0 0 /- 0. 0 0 5

( C)

0. 7 8 5 + 0. 0 0 /- 0. 0 3

L O W- S T R E S S B U L L E T- N O S E S P E CI M E N

S T A N D A R D B U L L E T- N O S E S P E CI M E N
0. 1 5 6 n o s e r a di u s
( b ot h e n d s)

1. 0 0 n o s e r a di u s
( b ot h e n d s)

0. 3 1 2 + /- 0. 0 0 3
Pi n di a m et er

( D)

0. 3 1 2 + /- 0. 0 0 3
Pi n di a m et er

P oli s h t h e ti p s t o a v oi d m a c hi ni n g artif a ct s

P oli s h t h e ti p s t o a v oi d m a c hi ni n g artif a ct s

N O T D R A W N T O S C A L E. DI M E N SI O N S I N DI C A T E D I N I N C H E S

Fi g ur e 3. 5
S p e ci m e ns f or tri b ol o gi c al e x p eri m e nts: ( C) S ta n d ar d pi n s p e ci m e n, ( D) L o w str ess
c yli n dri c al s p e ci m e n.
E x p eri m e nt D esi g n : A fl at s p e ci m e n w as us e d as a stiff b a c k u p m at eri al, a l a y er of
mi xt ur e p o w d er w as s pr e a d o n it, a n d a pi n w as f or c e d t o os cill at e at a r el ati v el y l o w l o a d
a n d s p e e d. T h e fl at a n d pi n s p e ci m e ns w er e m a c hi n e d fr o m t h e t hr e e ki n ds of t o ol
m at eri als m e nti o n e d a b o v e. I nst e a d of h a vi n g a d e e p p o w d er l a y er, o nl y a s m all a m o u nt
of p o w d er h a d b e e n tr a p p e d b et w e e n t w o h ar d s urf a c es, si m ul ati n g p o w d er tr a p p e d
b et w e e n a p u n c h a n d di e w all. T w o c o m p ositi o ns of p o w d er mi xt ur e w er e pr o d u c e d f or
m o difi e d pi n- o n-fl at t est, 2 5 Al- 7 5 Si C a n d 2 5 Al- 7 5 Al 2 O 3 , i n w hi c h t h e p er c e nt a g e is b y
w ei g ht. T a bl e 3. 5 s h o ws e x p eri m e nt d esi g n f or t h e m o difi e d pi n- o n-fl at t est.
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Table 3.5
Experiment design for modified pin-on-flat test
Powder

Pin

CPM 10V
CPM T15
WC
25Al-75SiC
WC
WC

Flat

Powder

Pin

Flat

CPM 10V
CPM 10V CPM 10V
CPM T15
CPM T15 CPM T15
WC
CPM 10V
CPM 10V 25Al-75Al2O3
WC
CPM T15
CPM T15
WC
WC
WC

b. Modified Loop Test
Apparatus: ASTM G174 -03 (standard test method for measuring abrasion resistance of
materials by abrasive loop contact) is a relatively new standard to evaluate primarily
abrasion resistance of metals [28]. In this study, this test was modified and applied to
cylindrical specimens in place of the usual flat specimens using a continuous-loop,
two-body abrasion testing machine (Bud Labs, Rochester NY, USA), as shown in Figure
3.6. Loop test tapes used in this investigation were the abrasive tapes mentioned above.
This required a different sample holder and a modified formula to convert the scar width
measurement into a wear volume [28]. This test uses a continuous loop of abrasive tape
that bends around a roller as it bears against a cylindrical test specimen with an applied
normal load of 1.96 N. After 680 cycles, the scar width and weight change are measured
and a wear volume is calculated.
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Figure 3.6
Experiment setup for modified loop test

Specimens: Tested specimens were made from the three kinds of tool materials listed in
Table 3.2. Due to the limited specimen stock in lab, two types of specimens were used in
this test. Pin specimens were used to test against 30 m silicon carbide abrasive tape,
while cylindrical specimens were used to test against 30 m alumina abrasive tape. The
geometric information of both specimens is shown in Figure 3.5.

Experiment Design: This test uses a continuous loop of abrasive tape that bends around a
roller as it bears against a cylindrical test specimen with an applied normal load of 1.96 N.
After 680 cycles, the scar width and weight change are measured and a wear volume is
calculated. The cylindrical test specimens (Type D, Fig. 3.5) were made from die
materials mentioned previously, the geometry is 7.925 mm in diameter, and 19.939 mm
in length. Type D specimens were used to test against 30 micrometer alumina abrasive
tape. Table 3.6 shows experiment design for the modified loop test.
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Table 3.6
Experiment design for loop test
Abrasive Tape

Tool Material Specimen Type
CPM 10V
30 m SiC roll tape
pin
CPM T15
WC
CPM 10V
CPM T15
30 m Al2O3 roll tape
cylinder
WC
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CHAPTER IV
RESULTS

4.1 Die Compaction Behavior

4.1.1 Compressibility of AMC Powder Mixtures
The green densities of hand press compressed cylindrical powder compact versus
compaction pressure are given in Figure 4.1. The influence of hard phase type and hard
phase content can been observed among these data. The green density data were also
entered into PMSolver to determine the best curve fit and are also described in the same
figure. Die wall lubrication was applied for all hand press compaction. In this situation,
the die wall was assumed frictionless.
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(a)
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(b)
Figure 4.1
Compressibility of AMC powder mixtures with 0.4wt.% lubricant, (1) Al-SiC system, (2)
Al-Al2O3 system
From Figure 4.2 gives results for 90Al-10SiC powder mixtures with three lubricant
levels during powder compaction.
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Figure 4.2
Lubricant effects on compressibility of Al-SiC powder mixtures

All of the Shima and Oyane model parameters for the curves shown previously are
given in Table 4.1.

Table 4.1
Shima and Oyane model parameters for all the curves
Test
Number

1
2
3
4
5
6
7
8

6.2
6.2
6.2
6.2
6.2
6.2
6.2
6.2

1.028
1.028
1.028
1.028
1.028
1.028
1.028
1.028

13.0
11.0
10.0
20.0
18.0
15.0
11.5
12.0

a

b

n

175
179
183
200
205
210
164
148

281
288
295
321
329
337
263
238

0.32
0.31
0.30
0.27
0.27
0.26
0.27
0.25

NOTE: the test numbers are according to experiment design in Table 3.3.
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4.1.2 Automatic Compaction
During the compaction process, the top punch has been adjusted for several times in
order to hold the strength of the compact to some extent. As the compaction process
going on, a lot of parameters were changing gradually. For instance, the die cavity was
being enlarged; the diameters of top punch and bottom punch are being reduced; powder
buildup may be formed on the die wall; as well as the powder flowability was reduced
due to exposure to air with high humidity.
The mass, density and geometry data of compacts were collected to indicate the
process variation during compaction. Data of Al-SiC compacts were given in Table 4.2.

Table 4.2
Al-SiC compacts’ properties

Composition (95Al-5SiC-0.4lub)

diameter(mm) height(mm) mass(g) density(g/cc)
6.394
4.634
0.3337
2.24
mean value
0.005
0.035
0.0112
0.06
standard deviation
coefficient of variation
0.07
0.75
3.37
2.54
(%)

Composition (90Al-10SiC-0.4lub)

diameter(mm) height(mm) mass(g)
density(g/cc)
6.361
4.697
0.3270
2.21
mean value
0.004
0.084
0.0106
0.03
standard deviation
coefficient of variation
0.1
1.78
3.24
2.17
(%)

Composition (85Al-15SiC-0.4lub)

diameter(mm) height(mm) mass(g)
density(g/cc)
6.372
4.646
0.3270
2.21
mean value
0.007
0.066
0.0110
0.06
standard deviation
coefficient of variation
0.12
1.42
3.36
2.61
(%)
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Data of Al-Al2O3 compacts were given in Table 4.3.

Table 4.3
Al-Al2O3 compacts’ properties
Composition (95Al-5Al2O3-0.4lub)
diameter(mm height(mm mass(g

)
)
)
6.414
4.357
0.3205
mean value
0.002
0.025
0.0048
standard deviation
coefficient of variation
0.03
0.58
1.51
(%)

Composition (90Al-10Al2O3-0.4lub)
diameter(mm height(mm mass(g

)
)
)
6.414
4.29
0.3135
mean value
0.003
0.081
0.0096
standard deviation
coefficient of variation
0.05
0.43
3.06
(%)

Composition (85Al-15Al2O3-0.4lub)
diameter(mm height(mm mass(g

)
)
)
6.406
4.251
0.2852
mean value
0.003
0.200
0.0067
standard deviation
coefficient of variation
0.04
0.47
2.36
(%)


density(g/cc)

2.28
0.04
1.83

density(g/cc)

2.26
0.06
2.61

density(g/cc)

2.08
0.06
2.86

Data of Al-SiC compacts with different premixed lubricant levels were given in
Table 4.4.
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Table 4.4
Lubricant effects on Al-SiC compacts
Composition (90Al-10SiC-0.4lub)
diameter(mm height(mm mass(g

)
)
)
6.361
4.697
0.3270
mean value
0.004
0.084
0.0106
standard deviation
coefficient of variation
0.10
1.78
3.24
(%)

Composition (90Al-10SiC-0.8lub)
diameter(mm height(mm mass(g

)
)
)
6.399
4.578
0.3210
mean value
0.007
0.068
0.0127
standard deviation
coefficient of variation
0.10
1.48
3.96
(%)

Composition (90Al-10SiC-1.2lub)
diameter(mm height(mm mass(g

)
)
)
6.405
4.566
0.3172
mean value
0.005
0.135
0.0179
standard deviation
coefficient of variation
0.08
2.96
5.63
(%)


density(g/cc)

2.21
0.03
2.17

density(g/cc)

2.18
0.08
3.66

density(g/cc)

2.16
0.08
3.83

Comparisons were made for the coefficient of variations of different compacts’
properties between different compositions. Figure 4.3 indicates the influences induced by
hard phase type and hard phase content, while Figure 4.4 shows the effects of lubricant
level.
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Coefficient of Variations of Compacts with 0.4wt.% lub

Coefficient of Variation (%)
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5wt.%SiC
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5wt.%Al2O3

mass

10wt.%SiC

10wt.%Al2O3

density
15wt.%SiC

15wt.%Al2O3

Figure 4.3
Hard phase type and content effects on compacts’ properties

Lubricant Effects on Coefficient of Variations of 90Al-10SiC Compacts

Coefficient of Variation (%)

6.00
5.00
4.00
3.00
2.00
1.00
0.00
diameter

height
0.4wt.% lub

mass
0.8wt.% lub

density

1.2wt.% lub

Figure 4.4
Lubricant content effects of compacts’ properties

Compacts’ mean densities of all compositions are listed in the Table 4.5.
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Table 4.5
Compact green densities of all compositions

Al-SiC

Al-Al2O3

Al-SiC

wt.% SiC

lub. lev.

vol.% SiC

ave. (g/cc)

pyc.

rel.

5
10
15

0.4wt.%
0.4wt.%
0.4wt.%

4.25
8.56
12.94

2.24
2.21
2.20

2.7613
2.7797
2.7991

0.81
0.80
0.79

wt.% Al2O3

lub. lev.

vol.%Al2O3

ave. (g/cc)

pyc.

rel.

5
10
15

0.4wt.%
0.4wt.%
0.4wt.%

3.50
7.12
10.85

2.28
2.26
2.08

2.7892
2.8370
2.8819

0.82
0.80
0.72

wt.% SiC

lub. lev.wt.%

vol.% SiC

ave. (g/cc)

pyc.

rel.

10
10
10

0.4
0.8
1.2

8.56
8.56
8.56

2.21
2.18
2.16

2.7797
2.7632
2.7451

0.80
0.79
0.79

4.2 Sintering Behavior
Compact properties before and after sintering were plotted in Figure 4.5. Dots of
different shapes represented the measured value, while straight line is simple model based
on parametric relations between green density and mean compaction pressures, which is
given as following [9]:

ˆ 1  (1  ˆ D )  exp(B  ˇ  P)
Where

is the fractional density,

D

(4-1)

is the approximate fractional apparent density,

is a constant that varies with the powder, B accounts for particle rearrangement, and P
is the mean pressure. Linear regression analysis gave the constants for aluminum alloy
powder, which is the matrix. It leads to the following relationship:

ˆ 100  43  exp(0.3898  0.0078  P)
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(4-2)

Thus the prediction line in Figure 4.5 represented the behavior of aluminum matrix.
The deviation of each point from the prediction line can indicate the influence of SiC
particles.

Fractional Density

100.0

8.0
7.0
6.0
5.0
4.0
3.0
2.0
1.0
0.0

98.0
96.0
94.0
92.0
90.0
88.0
0

5

10

Porosity %)

Influence of SiC on Density

15

SiC content weight percentage
predict Green Density

predict Sintered Density

measured green density

measured sintered density

predict Sintered Porosity

measured sintered porosity

Figure 4.5
Influence of SiC particles on green and sintered densities

4.3 Physical and Mechanical Properties Testing
Micro hardness test was avoided, because the indenter may hit just on the SiC
particle, and then gave the misleading value. HRH scale was used to measure the
hardness of the sintered aluminum matrix composite samples. More than seven points
were tested for each sample, and at least three samples were used for each composition
test. Average values of hardness tested results were plotted in Figure 4.6.
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HRH Value vs. SiC wt. Level
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Figure 4.6
Average hardness values of sintered AMC samples

4.4 Microstructures
Microstructures usually gave useful reference information for the reason of different
mechanical properties. Optical microscope images were shown in Figure 4.7.
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(a)

(b)
Figure 4.7
Optical microscope images for four different compositions at three magnification scale,
(a) 5X, (b) 10X, (c) 20X
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Figure 4.7 continued

(c)

4.5 Wear Quantification

4.5.1 Wear Measurement for Automatic Compaction

4.5.1.1 Hard Phase Type and Content Effects
Mass changes of tools were recorded during the compaction process. The WC die
mass data were plotted versus compactions cycles as shown in Figure 4.8.
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Mass Loss of Die vs. Compaction Cycles
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Figure 4.8
Mass loss of WC die vs. compaction cycles, (a) for Al-SiC-0.4wt.%lub powders, (b) for
Al-Al2O3-0.4wt.%lub powders
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Mass data of M-4 top punch (TP) were plotted versus compaction cycles as shown
in Figure 4.9.

Mass Loss of TP (mg)
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Figure 4.9
Mass loss of M-4 top punch vs. compaction cycles, (a) for Al-SiC-0.4wt.% lub powders,
(b) for Al-Al2O3-0.4wt.%lub powders
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Mass data of M-4 bottom punch (BP) were plotted versus compaction cycles as
shown in Figure 4.10.

Mass Loss of BP vs. Compaction Cycles
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Figure 4.10
Mass loss of M-4 bottom punch vs. compaction cycles, (a) for Al-SiC-0.4wt.% lub
powders, (b) for Al-Al2O3-0.4wt.%lub powders
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Mass loss of WC die were compared for all powder mixtures with 0.4 wt.%
lubricant level as shown in Figure 4.11.

Die Wear Amount vs. Hard Phase Content
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Figure 4.11
Total mass loss comparison of WC die

4.5.1.2 Lubricant Content Effects
Influences of lubricant content effect on mass loss of tools during compaction were
plotted in Figure 4.12.
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Mass Loss of Die vs. Compaction Cycles
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Figure 4.12
Lubricant content effects on mass loss of tools during compaction, (a) WC die, (b) M-4
top punch, (c) M-4 bottom punch
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As the most important mass loss data in this study, mass loss of WC die were
compared between three different lubricant levels (Figure 4.13).

Lubricant Effect on Mass Loss of Die
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Figure 4.13
Total mass loss of WC die tested with powder mixtures of different lubricant level

4.5.2 Wear Quantification in Tribological Experiments

4.5.2.1 Modified Pin-on-Flat Test
After tested for twenty one minutes, both pin specimen and flat specimens had
weight loss due to wear. Weight losses change of pin specimens recorded at specific
intervals were plotted in Figure 4.14.
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Pin Mass Loss vs. Time
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Figure 4.14
Pin mass losses during test process

Total mass loss comparisons between pin specimens were plotted in Figure 4.15.

Mass Loss Comparison of Pin Specimens
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Figure 4.15
Total mass loss comparisons for pin specimens

Flat specimens were fixed during test, therefore, only total mass were recorded after
completion of each test. There are two different approaches were employed when
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characterizing mass loss of flat specimens. First one is by direct measurement; second
one is by calculation from density and wear volume. Results from two approaches were
compared in Figure 4.16.

Comparison of Mass Loss for Flat Specimens
30.8
24.0
14.6
7.3
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8.8
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&30 9
measured 25Al-75SiC (mg)
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calculated 25Al-75SiC (mg)

measured 25Al-75Al2O3 (mg)

calculated 25Al-75Al2O3 (mg)

Figure 4.16
Mass loss of flat specimens

Mass losses occurred during WC specimens involved tests were not detectable by
our available instruments, but dimensional changes calculated from profile measurement
results are plotted in Figure 4.17.
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Dimensional Change on Flat Specimens
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Figure 4.17
Dimensional changes on flat specimens

Figure 4.18 shows a schematic of how the wear volume was calculated from
measured wear scar profile by the stylus profiling instrument. Equivalent rectangular
areas were calculated for three specific cross section, top, middle, and bottom, as
indicated in Figure 4.18. Then a mean cross sectional area was obtained. Approximate
wear volume was calculated by mean cross sectional area times scar length.

Figure 4.18
Schematic of scar cross section area approximation
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Typical surface of tested pin and flat specimens (after 21 min) were shown in Figure
4.19.

a

c

b

d

(1)
a

c

b

d

(2)
Figure 4.19
OM images of surfaces, (1) Tip surface of pin specimen, (2) Scar on flat specimen,
[Note] a. CPM 10V–75%SiC, b. CPM T15 – 75%SiC, c. CPM 10V-75%Al2O3, d. CPM
T15-75Al2O3
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4.5.2.2 Modified Loop Test
Geometric model for modified loop test: for the modified loop test, a mathematical model
was proposed to calculate the wear volume.
Through the geometric correlation of wear volume and wear scar dimensions for a
cylindrical specimen with diameter d and length t, the wear volume Vpin in pin specimen
(Type C) can be calculated by:
Vpin

2
3
D2t
˙D sinD ˝ d t ˙d sind ˝ b  (DDb )2 (2D Db )
8
8
12 24

(4-2)

where

D

2sin 1 

b
 , d
D

b
2sin 1   , and Db
d

D2  b2 .

The wear volume Vcylinder in cylindrical specimen (Type D) can be calculated by
[28]:
Vcylinder

2
D 2t
˙ D  sin  D ˝ d t ˙ d  sin  d ˝
8
8

(4-3)

where D is the diameter (15.875 mm) of the roller plus twice the thickness (0.203 mm) of
the abrasive tape, and b is the scar width.
After tested for 680 cycles, each specimen had some mass loss. Since in previous
study, well matched results existed between calculated mass changes based on the wear
volume model mentioned above, and the measured mass changes from scale, only the
calculated mass changes were used in this study. Figure 4.20 shows a weight loss
comparison between different tool materials. As control test was set up for each
experiment design, so the error ranges were given in the plot.
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Weight Loss Comparison of Specimens
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Figure 4.20
Mass loss comparisons for loop test specimens

Typical tested scar surface was shown in Figure 4.21.

Figure 4.21
Loop test specimens, tested against SiC abrasive tape
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4.6 Calculation from Model

4.6.1 Automatic Compaction
By using equation 2.3 to 2.10, the friction force could be calculated based on the
data obtained in industrial compaction experiments. Table 4.6 lists some of the related
parameter values from calculation.

Table 4.6
Calculated die compaction process parameters


wt.%
hard
phase

lub. lev.

vol.%
hard
phase

eff. v

rel.

PA
(MPa)

PB
(MPa)

FF
(kN)

CPT
ratio

Al-SiC

5
10
15

0.4wt.%
0.4wt.%
0.4wt.%

4.25
8.56
12.94

0.375
0.368
0.361

0.81
0.80
0.79

112.8
134.7
142.0

81.6
97.4
104.0

1.00
1.20
1.22

1.70
1.66
1.70

Total
Wear
Work
(kJ)
261.6
307.9
319.0

5
10
15

0.4wt.%
0.4wt.%
0.4wt.%

3.50
7.12
10.85

0.378
0.372
0.355

0.82
0.80
0.72

68.3
65.3
36.3

50.0
48.4
27.3

0.59
0.54
0.29

1.77
1.81
1.81

158.9
149.5
79.9

10
10
10

0.4
0.8
1.2

8.56
8.56
8.56

0.368
0.366
0.366

0.80
0.79
0.79

134.7
108.3
93.8

97.4
79.0
68.4

1.20
0.94
0.82

1.66
1.70
1.70

307.9
246.2
213.2


Al-Al2O3


Al-SiC

Note: PA is applied pressure, PB is the pressure at bottom punch surface, and FF is friction force.

In this study, friction coefficient was assumed to be 0.1 as a constant for die
compaction. This assumption was based on previous FEM simulation curve fit of die
compaction with and without die wall lubricant. When Die wall lubricant was applied die
wall friction was neglected.
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Based on the data listed in Table 4.6, and mass loss data of WC die, friction force,
friction work, tool wear work, and wear constant k in tool wear model, modified
Archards’s Law, could be determined.
Influence of hard phase content and type on friction force can be seen in Figure
4.22.
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Figure 4.22
Friction forces of die compaction process at constant lubricant level

Influence of lubricant level on friction force can be seen in Figure 4.23.
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Friction Force vs. Lubricant Content
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Figure 4.23
Friction force of die compaction process at different lubricant level

With known friction force, compact height, and compaction ratio, the friction work
during compaction and ejection process can be determined as shown in Figure 4.24.
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Friction Work within One Cycle
 

Friction Work (J)

 
 
 
 
 
 
5

10

15

SiC Content (wt.% )
I U L FW L RQ ZRU N L Q FRPSDFW L RQ -

I U L FW L RQ ZRU N L Q HM HFW L RQ -

(a)
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(c)
Figure 4.24
Friction work distribution within one compaction cycle, (a) for Al-SiC powders with
0.4wt.% lubricant, (b) for Al-Al2O3 powders with 0.4wt.% lubricant, (c) for 90Al-10SiC
powders with different lubricant levels
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Wear constant k in modified Archards’s Law is dependent on material property.
Therefore, for each die material and powder mixture composition system, there is a
specific k value. In this study, k values were evaluated for the eight tests mentioned
previously.
The influence of hard phase content, hard phase type, and lubricant content on k
value can be seen in Figure 4.25.
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k Value vs. Hard Phase Content
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Figure 4.25
k value for die compaction process, (a) Hard phase effects, (b) Lubricant effects
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4.6.2 Tribological Experiments

a. Modified Pin-on-Flat Test
Because for all the WC specimens involved tests, within the current test period, the
mass changes were not detectable by our available instrument, thus k values were just
evaluated for CPM 10V and CPM T15 tool materials. Friction coefficient in this
condition was determined from a reciprocating sliding test with pin specimens machined
from different tool materials and flat specimen compacted from different powders. From
a plot of normal stress vs. tangent stress, the slope was determined as the friction
coefficient, which is found to be 0.5 for all the investigated materials. Figure 4.26 shows
k value comparison between different tool materials and tested powder mixtures for pin
and flat specimens respectively. For flat specimens, k values were evaluated based on two
approaches mentioned previously. First is based on measured mass loss, and the second is
based on calculated mass loss by dimension change.
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k value Comparison of Pin Specimens
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(b)
Figure 4.26
k value comparison for modified pin-on-flat tests, (a) pin specimen, (b) flat specimen
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b. Modified Loop Test
Comparisons of k value for modified loop tests were plotted in Figure 4.27. Since
friction coefficients for the current investigated materials in our study was very close,
0.50±0.05, thus friction coefficient was assumed to be 0.5 for this modified loop test, the
same as the value used in modified pin-on-flat tests. Error ranges of the k value were
given in Figure 4.27 based on control test of experiment design.

k Value Comparison of Specimens
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Figure 4.27
k value comparison for modified loop tests
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WC

CHAPTER V
DISCUSSION

5.1 Die Compaction Behavior

5.1.1 Compressibility
Aluminum alloys mixed with SiC and Al2O3 are of great concern to automotive and
aerospace industry applications due to their advantages in weight saving. The
composition of composite powder mixtures is of high importance when dealing with wear
resistance in the finished part as well as the effects on tool life in manufacturing. The
AMB 2712 aluminum alloy used in the present study only has 0.75wt.% Si, which makes
it less abrasive than an alloy of much higher Si content. However, reinforcement particles
SiC and Al2O3 make the composite powder mixtures very abrasive. To reduce the wear of
tools, Acrawax C, a product of Lonza Ltd., was chosen as a premixed lubricant. The
lowest level of lubricant was used for avoiding the debinding problems, such as green
compact collapsing or precipitation of polymer residuals. The compressibility curves
show the trend in that the powders mixtures become asymptotically harder to increase
relative density as the compaction pressure increases, and the reduced compressibility
was observed as the content of hard phase (SiC or Al2O3) increases. By comparing Figure
4.1 (a) and (b), for current powders used in the present study, it was found that Al-SiC
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powder mixtures are harder to compress than Al-Al2O3 powder mixtures. Addition of
admixed lubricant Acrawax C powder did improve the compressibility of 90Al-10SiC
powder mixture. The maximum lubricant content 1.2wt.% accounted for the best
compressibility. The relative density curve fit using the Shima and Oyane model fits the
experimental data points within 0.5% average difference at pressures below 300 MPa.
Overestimation of density from the model was observed at pressures higher than 300
MPa. One explanation might be the hard-soft particle mixture probably requires a shift in
treatment as the density goes up, since at low densities the soft particles can deform, yet
at high densities the hard particles have never deformed yet had contributed to faster
work hardening (than typical) for the soft particles. The other alternative explanation
might be the Shima-Oyane model which is a continuum model has its limitation when
dealing with composite material. Discrete element model may be better choice.

5.1.2 Automatic Compaction
Coefficient of variation, which is defined as the ratio between standard deviation and
mean value, was used as an evaluation of the stability of automatic die compaction
process. As expected, the geometry variations were comparatively low for this
mechanical press used in this study. Among the geometry variations, diameter change,
which was expected as a contribution of tool wear, was less than 0.1%. This small
diameter change is out of our measurement capability. However, a clear trend can be seen
in Table 4.2 and Table 4.3, as the hard phase content increases, the variation of compact
diameter increases too. It means more difficulties will be existed in geometry tolerance
control when higher content of hard phase was added.
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Lubricant level does not show any apparent effects on variation of compacts’ diameter in
the present study.
Compacts’ height variation was higher than that of diameter, but was lower than
those of mass and density. Actually, variations of height, mass and density were related to
each other to a large extent. They were all affected by the amount of powder fell in to the
die cavity during compaction. Therefore, powder mixture flowability played an important
role in the tolerance control of axial geometry, weight and density. Factors including
particle size distribution, particle shape, lubricant level, as well as the humidity of
atmosphere, to which special attentions should be paid in industrial manufacturing, all
had obvious influence on the flowability of powder mixture.
The compaction ratios for all compositions were controlled as constant with mean
value of 1.7±0.1. However, the applied pressures were different for different powder
compositions as shown in Table 4.6. Generally, the powder mixtures of lower
compressibility obtained higher applied pressure, and the mean relative density for all
compositions is 80%±1%, except for test number 6 which is 8% less than average.
Dampened batch of powder mixtures may be the possible reason.

5.2 Sintering & Mechanical Test
The sintering condition was chosen for the experiment based on similar data
provided in the literature, especially work by Schaffer et. al [49]. The sintering results
were lower than anticipated. It was found that increased SiC content will lead to a
decreased sintered density, and higher porosity. Initially, the hardness of Al-SiC
composite was expected to increase with higher hard phase (SiC) content. However, a
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reduction trend of actual measured hardness was observed. As we can see in Figure 4.27,
higher SiC content constrained the grain growth during sintering leading to finer grain
size. However, more pores were observed for higher SiC content microstructure. In the
present sintering condition, it seems that the degradation on mechanical properties due to
pores surmounted the improvement induced by higher reinforcement content.
Therefore, modified sintering condition and powder condition may be required for
obtaining improved mechanical properties. The alternative improving method may
include vacuum sintering, higher sintering temperature, longer holding time, and
reduction treatment of probably oxidized SiC particles. In addition, higher green density
may also contribute to higher sintered final density. Further analysis technique, such as
SEM and EDAX, X-diffraction are necessary to find the exact reasons and solutions.

5.3 Wear Measurement
Mass loss and k value are two major criterions for the comparison of wear resistance
property in the present study. Mass loss is related to the geometry change of tool
components. For example, more mass loss means bigger enlarged die cavity diameter,
because material was removed during friction. Thus mass loss is the lower the better. K
value is related to wear resistance of tool material under a specific friction work. K has
the unit of g/kJ, which has the physical meaning of how much mass loss will be formed
under specific friction work. Therefore, the lower the k value, the better the tool material
wear resistance is.
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5.3.1 Automatic Compaction
In the automatic compaction process, three tool components were investigated, die,
top punch, and bottom punch. Clear linear relationship between mass loss and
compaction cycles was only observed in dies. The linear relationship indicated that the
proposed tool wear model can properly explain the wear within the present compaction
cycle range for the die. K is related to the slope of the straight line, because wear work is
a linear function of compaction cycles. The explanation for this phenomenon could be the
predominant wear mechanism for the die matched well with the assumption in the
proposed friction model. Wear occurred due to the relative motion of powders and die
wall during compaction and ejection, between the top punch and bottom punch end
surfaces.
Nonlinear relationships between mass loss and compaction cycles were observed in
top punch and bottom punches. As we observed the tips of the top punch and bottom
punch, it was found that almost all the wear formed at the edges of the punches.
Therefore, the powders trapped between the gap of die wall and punch’s side surface may
lead to the dominant wear of punches. It requires different micro mechanical models to
properly describe this wear mechanism.
For Al-SiC compositions, higher SiC content lead to higher die mass loss, while for
Al-Al2O3 compositions a reverse trend was observed, as shown in Figure 4.8 (a), Figure
4.9 (a) and Figure 4.11. The reason could be different particle size distribution. SiC
particle size was about 10 times of the Al2O3 particle, ant it is closer to the particle size of
aluminum powder. Therefore, the flowability of Al-SiC powder mixture could be better
then Al-Al2O3 powder mixture. Under the same compaction ratio, more filled Al-SiC
68

powders will undergo higher applied pressures, thus higher friction force was generated.
Generally, more fine powders will lead to reduced particle flowability [9]. In all different
hard phase content levels, the Al-SiC compositions generated much higher total die mass
loss than Al-Al2O3 compositions. The reason could be larger hard particle diameter, more
irregular hard particle shape, and higher applied pressure.
For compositions of different lubricant levels, a near U shape trend was observed in
the plot of mass loss versus lubricant content. That means the intermediate lubricant level
could be the optimum condition for reducing die wear. Moreover, the same tool
components mass loss versus compaction cycles relationships were observed here, linear
for die mass loss, nonlinear for punches mass loss.
As far as friction work was concerned, it was found that, for all the compositions,
compaction stage accounted for bigger portion of total work than ejection stages (Figure
4.24). The results were based on the calculation from friction model introduced in chapter
2.

5.3.2 Modified Pin-on-Flat Test
For the modified pin-on-flat tests, it was found that, under the same tribological test
condition, the 25Al-75Al2O3 powder mixture used in this test is more abrasive than
25Al-75SiC powder mixture used in this test.
WC has the best wear resistance among three tested die materials. Among two tool
steel die materials, CPM 10V showed better wear resistance than CPM T15 when they
are tested with 25Al-75Al2O3 powder mixture, while CPM 10V and CPM T15 showed
similar mass loss results when tested with 25Al-75SiC powder mixture.
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In the plot of pin mass loss versus testing time (Figure 4.14), asymptotical curves
were observed rather than straight lines. According to our assumption, the reciprocating
sliding motion should produce linear relationship between pin mass loss and testing time.
However, as the test moving forward, the tip geometry of the pin specimen was changed.
This indicates that different micro mechanical wear model should be induced to describe
this different wear mechanism properly.

5.3.3 Modified Loop Test
Under the present test condition, 30 micro SiC abrasive tape is more abrasive than
30 micro Al2O3 abrasive tape. Wear resistance order of three tested die materials is:
WC>CPM 10V>CPMT15.
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CHAPTER VI
CONCLUSIONS

Single pressing and sintering process was used to fabricate the particulate reinforced
aluminum composites in this study. Powder flowability was found to be an important
parameter for the precise geometry tolerance control in automatic compaction process.
Sintering condition used in this study did not provide satisfied mechanical properties, and
it need to be modified.
Automatic die compaction experiment and tribological experiments (modified
pin-on-flat test and modified loop test) were used to investigate tool wear in the present
study.
In automatic die compaction, measurement of mass loss was proved to be an
effective way in characterization of die wear. Linear relationship between mass loss and
compaction cycle indicated that the proposed modified Archards’ Law can describe the
wear mechanism properly within 30,000 compaction cycles range. Materials related
factors: including hard phase content, hard particle material, hard particle shape, hard
particle size distribution, as well as lubricant level, all were found to have influences on
tool wear. Process related factors: including compaction pressure and atmosphere
humidity were found to be able to affect the tool wear as well.
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Tribological experiments were proved effective for evaluation of abrasiveness
property of powder materials, and wear resistance property of tool materials. In the
modified pin-on-flat test, results could not be directly explained by hardness differences
alone. Powder characteristics, particle shapes, sizes, etc. should also be considered. In the
modified loop test, wear resistance of tool materials is not only dependent on hardness
difference. Fatigue strength, as well as the fracture toughness should also be taken into
consideration.
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CHAPTER VII
FUTURE WORK

Surface roughness of die cavity surface is also a significant aspect which should be
investigated during the study of tool wear mechanism. A special silicon rubber was used
to transcribe the die surface at each mass loss check point in the present study. The silicon
rubber has negligible shrinkage as it sets. It could be used to produce a replica of the die
cavity with resolution of 0.1 m, strength of 15 to 20 kPa, and its application temperature
ranges from –10 to 180 C [32-35].
Three-dimensional surface data of the die cavity replicas can be obtained using a
surface profilometer. After calibration, the resolution for replicating flat surface was
found to be ±0.08 m, while for curved surface the resolution was ±0.48 m. Analysis of
surface roughness data will help us to form a further understanding of the wear
mechanisms in die compaction process.

73

REFERENCES

[1] Pan Ye, Gao Zhiqiang, and Sun Guoxiong, “Aluminum Matrix Particle Composites
and Their Properties,” Journal of Southeast University, edited by the Department of
Mechanical Engineering, Volume 23 Supplement, Nanjing, China, June 1993.
[2] Lewandowski J. J., Liu C., Hunt Jr., W. H., “Processing and Properties for Powder
Metallurgy Composites.” The Metallurgical Society, Inc, 1988; 117. Warrendale,
PA.
[3] G. O’Donnel and L. Looney, “Production of aluminum matrix composite
components using conventional PM technology”, Materials Science and
Engineering A303 (2001), p 292-301.
[4] D. Daubert, “Preventing PM-Compaction Failure,” American Machinist, Vol. 121,
No. 8, 1977, pp. 93-95.
[5] A.V. Krajnikov, M. Gastel, H.M. Ortner, and V.V. Likutin, “Surface chemistry of
water atomised aluminium alloy powders,” Applied Surface Science, 2002, vol. 191,
pp. 26-43.
[6] A. Pohl, “Wear resistant sintered aluminum parts for automotive applications,”
Powder Metallurgy, 2006, vol. 49, no. 2, pp. 104-106.
[7] G..B. Schaffer, “Powder Processed Aluminum Alloys,” Materials Forum, 2004, vol.
28, pp. 65-74.
[8] I.E. Anderson and J.C. Foley, “Determining the role of surfaces and interfaces in the
powder metallurgy processing of aluminum alloy powders,” Surface and Interface
Analysis, 2001, vol. 31, pp. 599-608.
[9] R. M. German, “Powder Metallurgy and Particulate Materials Processing”, MPIF,
Princeton, NJ, USA, 2005, pp. 181-186.
[10] S. Shima and M. Oyane, “Plasticity Theory for Porous Metals,” International
Journal Mechanical Science, 1976, vol. 18, pp. 285-291

74

[11] Cetatech, “Theoretical Background – PMsolver,” User Manual, 2006, Sacheon,
Korea
[12] D. Daubert, “Preventing PM-Compaction Failure,” American Machinist, Vol. 121,
No. 8, 1977, pp. 93-95.
[13] S.V. Shah and N.B. Dahotre, “Laser surface-engineered vanadium carbide coating
for extended die life,” Journal of Materials Processing Technology, 2002, vol. 124,
pp. 105-112.
[14] H. Okahara, M. Ohara, Y. Takigawa, and K. Higashi, “Optimization of Die Material
and Its Surface Coating for Press Forming Magnesium Alloy,” Materials
Transactions, 2006, vol. 47, no. 4, pp. 954-958.
[15] H. Bauer (ed.), Automotive Handbook, Robert Bosch GmbH, Stuttgart, Germany,
2000.
[16] R.C. Dorf (ed.), The Engineering Handbook, CRC Press, Salem, MA, 1996.
[17] B.J. Briscoe and M.J. Adams, Tribology in Particulate Technology, Adam Hilger,
Bristol, England and Philadelphia, 1987.
[18] K.-H. Zum Gahr, “Wear by hard particles,” Tribology International, 1998, vol. 31,
no. 10, pp. 587-596.
[19] A. Babakhani, A. Haerian, and M. Ghambari, “On the combined effect of
lubrication and compaction temperature on properties of iron-based P/M parts,”
Materials Science and Engineering A, 2006, vol. 437, pp. 360-365.
[20] Y.Y. Li, T.L. Ngai, D.T. Zhang, Y. Long and W. Xia, “Effect of die wall lubrication
on warm compaction powder metallurgy,” Journal of Materials Processing
Technology, 2002, vol. 129, pp. 354-358.
[21] B.J. Briscoe and S.L. Rough, “The effects of wall friction in powder compaction,”
Colloids and Surfaces A: Physiochemical and Engineering Aspects, 1998, vol. 137,
pp. 103-116.
[22] L.P. Lefebvre and P.E. Mongeon, “Effect of tool coatings on ejection characteristics
of iron powder compacts,” Powder Metallurgy, 2003, vol. 46, no. 1, pp. 43-38.
[23] Yoshimi Sugaya, “Research on Structure of Compacting Die for Reducing Ejection
Force of Green Compact” Hitachi Powered Metals Technical Report, 2007, Vol. 6,
pp. 12-20.
[24] M. Torkar, V. Leskovsek, B. Sustarsic, and P. Panjan, “Failure of tools for metallic
powder compaction,” Engineering Failure Analysis, 2002, vol. 9, pp. 213-219.
75

[25] S. Wilson and A.T. Alpas, “Wear mechanism maps for metal matrix composites,”
Wear, 1997, vol. 212, pp. 41-49.
[26] P.C. King, R.W. Reynoldson, A. Brownrigg, and J.M. Long, “Pin on disc wear
investigation of nitrocarburised H13 tool steel,” Surface Engineering, 2005, vol.
21, no. 2, pp. 99-106.
[27] K. Hanada, M. Mayuzumi, N. Nakayama, and T. Sano, “Processing and
characterization of cluster diamond dispersed Al-Si-Cu-Mg composite,” Journal of
Materials Processing Technology, 2001, vol. 119, pp. 216-221.
[28] J. Qu, J. J. Truhan, and P. J. Blau, “Application of the ASTM Loop Abrasion Test to
Cylindrical Specimens”, Journal of Testing and Evaluation, 2005, Vol. 33, no. 1.
[29] D. Grubb, “Wear: Archard’s Equation,” 2006,
http://www.mse.cornell.edu/courses/engri119/Class_Notes/wear.html
[30] J. Pirso, M. Viljus, J. Kubarsepp, I. Hussainova, “Abrasive Wear of Cr3C2 Base
Cermets,” Wear, 2001, vol. 249, pp. 229- 234.
[31] B. Prakash, J. Mukerji, and S. Kalia, “Tribological Properties of Al203-TiN
Composite,” American Ceramic Society Bulletin, 1998, vol. 77, no. 9, pp. 68-72.
[32] M. Egawa, M. Oguri, T. Kuwahara, M. Takahashi, “Effect of exposure of human
skin to a dry environment,” Skin Research and Technology, 2002, vol. 8, pp.
212-218.
[33] D. Zuljan and J. Grum, “Non-destructive metallographic analysis of surfaces and
microstructures by means of replicas,” 8th International Conference of the Slovenian
Society for Non-Destructive Testing, 2005, pp. 359-368.
[34] J.A. Newman, S.A. Willard, S.W. Smith, and R.S. Piascik, “Flow Liner Slot Edge
Replication Feasibility Study,” TM-2006-213921, National Aeronautics and Space
Administration, February 2006.
[35] Taylor Hobson Ltd., Exploring Surface Texture: A fundamental guide to the
measurement of surface finish, 5th edition, Taylor Hobson Ltd, Great Britain, 2006.
[36] Meng Hsien-Chung, “Wear modeling evaluation and categorization of wear
models,” Ph. D Dissertation, Mechanical Engineering, The University of Michigan,
1994.
[37] R.M. German, Sintering Theory and Practice, John Wiley and Sons, New York, NY,
1996.

76

[38] G.B. Schaffer, B.J. Hall, S.J. Bonner, S.H. Huo, and T.B. Sercombe, “The effect of
the atmosphere and the role of pore filling on the sintering of aluminium,” Acta
Materialia, 2006, vol. 54, pp. 131-138.
[39] J.M. Martin and F. Castro, “Liquid phase sintering of P/M aluminum alloys: effect
of processing conditions,” Journal of Materials Processing Technology, 2004, vol.
143-144, pp. 814-821.
[40] T.B. Sercombe, “On the sintering of uncompacted, pre-alloyed Al powder alloys,”
Materials Science and Engineering A, 2003, vol. 341, pp. 163-168.
[41] Tadeusz Pieczonka, Zoltan Gacsi, Ferenc Kretz and Jeno Kovacs, “Sintering
Behaviour of Al-SiC Powder Mixtures Controlled by Dilatometry,” Euro PM 2004,
Sintering.
[42] Sang-Chul Kim, moon-Tae Kim, Sungkyu Lee, Hyungsik Chung and Jae-Hwan Ahn,
“Effects of copper addition on the sintering behavior and mechanical properties of
powder processed Al/SiCp composites,” Journal of Materials Science, Vol. 40, 2005,
pp 441-447.
[43] Frank Zok and Fred F. Lange, “Packing Density of Composite Powder Mixtures,” J.
Am. Ceram. Soc., Vol. 74, issue [8], 1991, pp. 1880-1885.
[44] James Kyle Thompson, “STUDY OF POWDER METAL PRESS AND SINTER
PROCESS AND ITS Tool Wear”, Thesis, Mechanical Engineering Department,
Mississippi State University, 2006.
[45] P. Narayan, B. C. Hancock, R. Hamel, T. S. Bergstrom, B. E. Childs, and C. A.
Brown, “Differentiation of the surface topographies of pharmaceutical excipient
compacts,” Materials Science and Engineering A, 2006, vol. 430, pp. 79-89.
[46] ASME B46.1, Surface Texture (Surface Roughness, Waviness, and Lay), American
National Standard, American Society of Mechanical Engineers, New York, 2002.
[47] Subodh K. Mital, Pappu L. N. Murthy and Robert K. Goldberg, “Micromechanics
for Particulate Reinforced Composites,” NASA Technical Memorandum 107276,
1996.
[48] K. K. Phani and Dipayan Sanyal, “Critical reevaluation of the prediction of effective
Poisson’s ratio for porous materials,” Journal of Materials Science, vol. 40, 2005, pp
5685-5690.
[49] B.J. Hall and G.B. Schaffer, “Statistical experimental design of Al-Cu-Mg-Si P/M
alloys,” Journal of Light Metals, 2002, vol. 2. pp. 229-238.

77

APPENDIX A
STUDY PERFORMED ON CARVER HAND PRESS USING MICROSOFT EXCEL
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Verifying carver hand press measurements using 7075 Al block
E = 70 Gpa - handbook value

Test block surface area
length (mm)
25

width (mm)
25

2

area (mm )
625

2

area (m )
0.0006

Press measurements
intial height (mm) final height (mm)
30.55
30.49
30.55
30.47
30.55
30.46
30.55
30.43

strain
0.0020
0.0026
0.0029
0.0039

Actual values
force (lb)
20000
25000
30000
40000

force (N)
88964.4
111205.6
133446.7
177928.9

stress (Pa)
142343104
177928880
213514656
284686208

young's modulus (GPa)
72
68
72
72

Guess calculations of F to closest match E = 70 GPa
measurment
1
2
3
4

guess F (N)
85900
114500
128800
171900

equivalent guess stress (Pa)
137440000
183200000
206080000
275040000

Difference between actual measured F and guess F
difference F (N) difference F (lb)
3064.4
689
-3294.5
-741
4646.7
1045
6028.9
1355

difference between stress (MPa)
5
-5
7
10
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young's modulus (GPa)
70.0
70.0
70.0
70.0

APPENDIX B
STOKES PRESS TOOLING DRAWINGS
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